23
Within the airways, the ciliated respiratory epithelium is protected by a superficial gel layer of mucus,
24
which is transported along the surface by the synchronized beating of the cilia within the periciliary liquid
25
(PCL) or sol layer. These two fluid layers make up the airway surface liquid (ASL) lining the entire 26 airway. Currently, heating and humidification requirements within most breathing therapy systems are 27 pre-set in terms of both temperature and moisture content of the air delivered to the patient [5, 17] . This 28 conservative approach provides supplementary heated humidification that effectively relieves the nose of 29 any air-conditioning role. Excessive supplementary water will cause dilution of the ASL, whilst 30 insufficient water can lead to mucus thickening and drying [18] . Both of these conditions adversely affect 1 mucociliary transport velocity (MTV), heat/moisture exchange and consequently ASL changes, which 2 could lead to respiratory complications and thermal damage to airway tissue [19, 20] .
4
This paper presents a comprehensive literature review to establish relationships between nasal applied 5 breathing therapy and symptoms suggestive of airway mucosal dysfunction. This review starts with the 6 nasal heat and moisture exchange, which is essential for any air-conditioning process, followed by nasal 7 regulation systems. The latter have been reviewed in the context of their response to the physical 8 properties of air pressure, flow, humidity and temperature. From a biomedical engineering perspectives, 9 modeling is an essential part in understanding and predicting any physiological phenomena, modeling is 10 reviewed followed by air-conditioning pathgophysiology. To complete the review, given some of these 11 relationships have not yet been established yet, ideas for further research are proposed.
13

NASAL HEAT AND MOISTURE EXCHANGE
14
Within the nose, there are interactions between independently regulated systems ( Fig. 1 ) in order to 15 control nasal air-conditioning. Nasal air-conditioning requires heating and water mass transport systems 16 operating in conjunction with an efficient mucus propulsion system. Regulation of these two fluxes is 17 achieved through the combined actions of the nasal autonomic nervous system and epithelial cell fluid 18 transport. Over a 24 hour rest period, healthy humans normally breathe around 10,000 liters of air which 19 is typically supplemented with around 400 ml of water and 1470 J of heat energy when breathing ambient 20 air at 25°C temperature and 50% relative humidity [21, 22] . During quiet breathing, in vivo measurements 21 across the nasal cavity show increased air temperature and humidity levels in an anterior to posterior 22 direction during both inhalation and exhalation [22] .
24
The nasal fluid lining plays an important role in terms of water and heat transfer during the breathing 25 cycle [23] . The temperate inspired air, aided by turbulence, is heated and humidified as it passes through 26 the nasal cavity, causing the mucosa to cool when water transfers from the airway fluid to the air.
27
However, during exhalation, some of the moisture from the fully saturated air at core body temperature 28 condenses on the nasal mucosa which has been cooled during inhalation. Exhaled moisture is captured for 29 use in humidification during the next breathing cycle. The cyclic exchange of latent and sensible heats as well as the partial water recovery implies that the nasal fluid lining acts as a buffer zone between the nasal 1 air and the underlying epithelial layer supplying water and heat. This buffering effect possibly reduces the 2 transient fluid requirement from secretion glands and stabilizes cyclic thermal fluctuations during normal 3 breathing. It may also offer protection from hot air damage due to the fact that it has a higher sensible 4 heat capacity than air [18] . The nasal airway fluid lining also provides a platform for mucus transport [24-5 26], particulate entrapment and absorption of gaseous water soluble air contaminants [27, 28] .
7
Mucociliary transport of airway fluid is achieved by the synchronized beating of cilia protruding from 
12
Continuous transportation of the mucus layer towards the nasopharynx, where it is cleared by swallowing 13 or expectoration, is essential not only for removal of entrapped contaminants [28, 34] , but also for nasal 14 air-conditioning [18] . Insufficient MTV may lead to an increase in airway fluid depth or a build-up of 
18
Airflow regimes also play a significant role in heat and water mass transport. The nasal valve region,
19
anterior to the inferior turbinate, provides a major dynamic portion of nasal airflow resistance. This region 20 is thought to create turbulent airflow, which enhances heat and water mass transportation [35, 36] .
21
Widening of the air passage posterior to the turbinates with subsequent slowing of airflow enables 22 deposition of particulate matter. Although the nose provides about 90% of respiratory system air-
23
conditioning requirements [37, 38] , further humidification and heating of the inhaled air occurs as it 24 travels through the pharynx and trachea. Fluid lining in these regions provides heat and moisture until the 25 air becomes fully saturated at core body temperature at a position termed as the isothermic saturation 26 boundary (ISB) [18] . The thermal and humidity gradient experienced by the inhaled/exhaled air, along 
19
Under normal conditions, nasal nitric oxide (n-NO) production is regulated through the absorption and 
25
Airflow Regime
26
Within each nasal passage, the regulation of turbinate volume controls the airflow cross-sectional area
27
(CSA), causing variation in the air velocity and flow regime that regulates heat and water mass flux.
28
Commencing at the anterior region, during rapid inhalation, the CSA of the vestibule or "external nasal 29 valve" is stabilized by cartilaginous tissue and inspiratory isometric contractions of the alar dilator 30 muscles which results in a relatively constant restriction to airflow [36] . The incoming airflow meets the 1 highest resistance when it reaches 'the internal nasal valve' region. Before entering the larger cavernous 2 nasal space, the incoming laminar flow accelerates as it passes through the reduced CSA, creating 3 turbulent airflow which enhances heat and water transfer within the nose [36, 55, 56] .
5
Autonomic regulation of outgoing and recovered nasal fluid heat and water flux is realized through 6 changes in intranasal airflow resistance causing variation in air velocity distributions within each nasal 7 passage [57, 58] . This is achieved through independent regulation of blood flow through the cavernous 8 plexus or nasal erectile tissue found predominantly in the inferior turbinates and opposing septal wall [36, 
12
causing a reduction in CSA [36] . The dynamic behavior of the internal nasal valve is demonstrated by its 
17
The airway epithelium actively absorbs fluid, however, the estimated rate of submucosal gland secretion 
28
[89]), it is likely that the nasal epithelium responds to airway stresses in a similar fashion to the trachea.
an increase in CBF [85, [94] [95] [96] [97] [98] , this stimulation is also considered part of a natural nasal defense system 1 to wash away noxious stimuli [77, 96] .
3
Recent work on sheep trachea has found that fully humidified unidirectional airflow at 30°C or even 34°C mucociliary clearance or CBF was found before or after the application of long term breathing therapy.
5
Researchers suggested that n-CPAP use might aggravate nasal inflammation, but unfortunately no data 6 was collected during breathing therapy. In this study, the nasal mucosa may have recovered after 7 cessation of treatment.
9
Mucosa Heat and Water Supply 10
The sub-epithelial network of fenestrated capillaries, positioned parallel to and facing the respiratory 
29
including n-NO concentration [47, 48, 82, 83] . Allergic rhinitis increases n-NO levels but this is decreased in chronic sinusitis [33] . An increase in airflow through the nose also increases n-NO release 
11
This is more than twice the maximum pressure normally experienced during CPAP therapy. Further,
12
occlusion of the sinus from the nasal cavity could prevent sinus sourced NO from entering the nose space,
13
leading to subnormal n-NO levels in some situations. Soft nasal erectile tissue has frequently been found 
21
Nasal breathing when compared to oral breathing has an important role in maintaining upper airway 22 mucosal "wetness" [159, 160] . Airway fluid rheology plays an important role in mucosal transport [80] .
23
One clinical model concluded that air inhaled during breathing therapy needed to be fully saturated at 24 core body temperature to maintain the mucociliary transport system in an optimum state [18] . This 
28
Under extreme conditions, low fluid levels within the lungs could lead to atelectasis and poor gas 29 exchange [18] . On the other hand, progressive over humidification causes thinning of the airway fluid and a slowing of MTV due to a reduced cilia driving force. If prolonged, this leads to cessation of fluid 1 transport and the risk of fluid draining into the lungs [18] . In extreme cases epithelial cell thermal damage 2 could occur due to excess condensation. A prolonged exposure time outside the optimum range could 3 lead to more severe consequences.
5
Heat and Water Convection Coefficient
6
The rate of heat and water vapor transfer occurring between the nasal mucosa and respiratory air 7 throughout the breathing cycle is governed by the corresponding convection coefficient. Airflow velocity 8 has a significant influence on these coefficients and is dynamically regulated in each nasal passage 9 through engorgement of erectile tissue, located in the nasal valve [36] . 
26
The suggestion that CBF is suppressed by excessive pressure leading to an excessive cell stress stimulus
27
[81], needs to be confirmed, along with the relationship, if any, between CBF and applied breathing 28 therapy air pressure. This could be achieved through recording airway liquid levels and particle transport 
20
Airway fluid tonicity appears to be linked to epithelial stress stimuli in the regulation of airway fluid layer 21 height. Investigations using in vitro nasal tissue exposed to pressure stress stimuli and simultaneous 22 tonicity measurement could improve our understanding of airway water supply. Until further work is undertaken to improve our knowledge in this area, the requirement to deliver fully 1 saturated air heated to core body temperature remains the safest treatment option. 
